9 3 a r t I C l e S Motor behaviors emerge from the coordinated activity of neural circuits that produce a sequential activation of muscles. Motoneurons represent the final stage of neuronal processing; thus, they need to be recruited in an orderly fashion to produce coordinated movement with the appropriate strength to meet the behavioral demand. The 'size principle' describes the sequence of recruitment of motor units to produce movement with increased force or speed [1] [2] [3] [4] [5] . Classically, the order of recruitment of motoneurons was considered to depend on the input resistance, with small motoneurons with high input resistance reaching threshold before large ones with low input resistance [4] [5] [6] . This assumes that the threshold and the synaptic inputs are uniformly distributed among different motoneurons 1, 4, 5, 7, 8 . There exist appreciable differences in the excitability of motoneurons that are, to a large extent, unrelated to motoneuron size 9,10 . Much has been learned about the orderly recruitment of motor units, but the specific cellular and synaptic properties setting the recruitment threshold of motoneurons have been difficult to unravel.
a r t I C l e S
Motor behaviors emerge from the coordinated activity of neural circuits that produce a sequential activation of muscles. Motoneurons represent the final stage of neuronal processing; thus, they need to be recruited in an orderly fashion to produce coordinated movement with the appropriate strength to meet the behavioral demand. The 'size principle' describes the sequence of recruitment of motor units to produce movement with increased force or speed [1] [2] [3] [4] [5] . Classically, the order of recruitment of motoneurons was considered to depend on the input resistance, with small motoneurons with high input resistance reaching threshold before large ones with low input resistance [4] [5] [6] . This assumes that the threshold and the synaptic inputs are uniformly distributed among different motoneurons 1, 4, 5, 7, 8 . There exist appreciable differences in the excitability of motoneurons that are, to a large extent, unrelated to motoneuron size 9, 10 . Much has been learned about the orderly recruitment of motor units, but the specific cellular and synaptic properties setting the recruitment threshold of motoneurons have been difficult to unravel.
Recently, it was shown in larval zebrafish that motoneurons and interneurons follow specific rules of recruitment. The pattern of motoneuron recruitment at different swimming frequencies follows the size principle 11 . Small, high-resistance motoneurons are activated at low frequencies, with progressive addition of large, low-resistance ones at higher frequencies. Unlike motoneurons, there is a continuous shift of the active set of interneurons at different swimming frequencies 12, 13 . The recruitment of interneurons at faster speeds is accompanied by the silencing of those driving movements at slower speeds [13] [14] [15] . In zebrafish, motoneurons develop along the dorsoventral axis with the early born, large primary motoneurons being located dorsally and later born, small secondary motoneurons being located ventrally [16] [17] [18] [19] . At early developmental stages, zebrafish larvae swim in bursts and only embryonic muscle fibers are developed [20] [21] [22] . At later stages of development, there is a slow increase in the number of adult red (slow) muscle fibers that start to appear after 2 weeks post-hatching 22 . This is correlated with a change from burst swimming to the adult pattern of slow, steady swimming movements with continuously active red musculature [23] [24] [25] . Given the developmental maturation of motoneurons, muscle fibers and swimming pattern, it is possible that the rules governing the recruitment of motoneurons are also adapted to meet the changes in swimming pattern and frequency as the zebrafish grows toward adulthood.
We investigated the principles governing the recruitment of motoneurons during swimming in juvenile/adult zebrafish. We found that motoneurons were organized into four pools with specific topographic locations and were incrementally recruited at different frequencies. The order of recruitment of motoneurons does not obey the input resistance rule, but is instead set by a combination of specific biophysical properties and the strength of synaptic currents. Our findings define different motoneuron pools in the spinal cord and the logic of their recruitment to produce locomotor behavior with increasing speed.
RESULTS

Incremental recruitment of motoneuron pools
Locomotor activity was induced by electrical stimulation of descending axons and monitored by recording from peripheral motor nerves while identified primary (pMN) and secondary (sMN) motoneurons 17 , pre-labeled with rhodamine dextran, were recorded using the whole-cell patch-clamp technique (Fig. 1a) . There was a difference in the activity of dorsal and ventral motoneurons during locomotion (Fig. 1b,c) . Dorsally located motoneurons only displayed subthreshold synaptic potentials (Fig. 1d) , whereas ventrally located motoneurons Locomotor movements are coordinated by a network of neurons that produces sequential muscle activation. Different motoneurons need to be recruited in an orderly manner to generate movement with appropriate speed and force. However, the mechanisms governing recruitment order have not been fully clarified. Using an in vitro juvenile/adult zebrafish brainstemspinal cord preparation, we found that motoneurons were organized into four pools with specific topographic locations and were incrementally recruited to produce swimming at different frequencies. The threshold of recruitment was not dictated by the input resistance of motoneurons, but was instead set by a combination of specific biophysical properties and the strength of the synaptic currents. Our results provide insights into the cellular and synaptic computations governing recruitment of motoneurons during locomotion. a r t I C l e S showed larger membrane potential oscillations and fired action potentials during some locomotor cycles (Fig. 1e) .
Because the motor column in juvenile/adult zebrafish extends along the ventro-dorsal axis in the medial part of the spinal cord and along the medio-lateral axis in the ventral spinal cord (Fig. 1c) , we asked whether there is a difference in the activity of motoneurons located in the different parts of the motor column. At the swimming frequencies that we examined (4-12 Hz), primary and dorsal secondary motoneurons did not fire action potentials and received only weak synaptic potentials that were correlated with the peripheral nerve bursts (Fig. 2a-f) . The peak-to-trough amplitude of the synaptic oscillations was 0.3 ± 0.1 mV (n = 8) in primary motoneurons (Fig. 2a-c ) and 1.3 ± 0.2 mV (n = 14) in dorsal secondary motoneurons (Fig. 2d-f) . Ventral motoneurons fired action potentials, but with a clear difference in the firing pattern between motoneurons along the medio-lateral axis of the motor column. Ventromedial motoneurons received significantly larger membrane potential oscillations (4.8 ± 0.8 mV, n = 23, P < 0.005) than dorsal ones that in some motoneurons (n = 9) reached the threshold for action potentials. These motoneurons fired mostly at the beginning of a r t I C l e S the swimming episode, where burst frequencies were higher, and only showed phasic synaptic potentials at lower frequencies ( Fig. 2g-i) . In contrast, ventrolateral secondary motoneurons fired continuously during the entire swimming episode and the underlying membrane potential oscillation amplitude was 15.6 ± 1.4 mV (n = 17; Fig. 2j-l) . These motoneurons fired bursts of action potentials during each swimming cycle ( Fig. 2k,l) . Our results suggest that the motor column is organized into four different pools of motoneurons with those located ventrally mediating slow continuous swimming movements. Motoneurons in the dorsal part seem to participate only in fast movements or escape that were not elicited by the electrical stimulation that we used 11, 26 . To assess the manner in which the synaptic potentials received by these four pools of motoneurons change with the swimming frequency, we analyzed the amplitude of the membrane potential oscillations and the instantaneous burst frequency during the entire swimming episode (Fig. 3) . The amplitude of the membrane potential oscillations in dorsal primary and secondary motoneurons was constant at frequencies below 4-6 Hz and increased linearly at higher frequencies (pMNs, Fig. 3a,b ; dorsal sMNs, Fig. 3c,d ). The amplitude of membrane potential oscillations was larger in ventromedial secondary motoneurons and increased with the burst frequency (Fig. 3e,f) . The amplitude of the membrane potential oscillations increased further when the frequency exceeded 4-5 Hz to reach the action potential threshold (Figs. 2h and 3e,f). The ventrolateral secondary motoneurons displayed membrane potential oscillations with constant amplitude that often reached firing threshold across the whole swimming frequency range (Figs. 2k and 3g,h). These results suggest that the membrane potential oscillations in the four pools of motoneurons have distinct properties in terms of their amplitudes and relation to the swimming frequency.
Frequency threshold of recruitment of motoneuron pools
The different pools of motoneurons were recruited in an incremental manner, as shown by the stepwise increase in the amplitude of their membrane potential oscillations as a function of the swimming frequency (Figs. 4a and 3) . Not all motoneurons were recruited at the frequencies obtained in these experiments. To estimate the frequency range at which each motoneuron pool is activated, we calculated the average slope of the increase in the amplitude of the membrane potential oscillations in relation to the swimming frequency from all motoneurons and extrapolated when it would reach 5 mV, which corresponds to the minimum oscillation amplitude seen in motoneurons firing action potentials. Ventrolateral motoneurons (n = 17) had a flat slope, as the membrane potential oscillations had constant amplitudes that reached firing threshold (Fig. 4b) . In 14 of 23 ventromedial secondary motoneurons, the swimming frequency was not high enough for them to spike; we therefore analyzed the slope of the firing and nonfiring motoneurons separately. The slope of the increase in the membrane potential oscillation was steeper in the firing (n = 9) than in the nonfiring (n = 14) ventromedial motoneurons (Fig. 4b) . The swimming frequency at which the nonfiring motoneurons would be recruited was estimated by extrapolating the slope curve (Fig. 4b) and corresponded to 11 Hz. Dorsal primary (n = 8) and secondary motoneurons (n = 14) never fired action potentials during swimming episodes. Extrapolations of the slope curves (Fig. 4b ) of these motoneurons indicated that they would be recruited at swimming frequencies of 25 and 42 Hz, respectively. The motoneurons that fired action potentials were located ventrally and extended along the latero-medial axis (n = 17 ventrolateral motoneurons, n = 9 ventromedial motoneurons; Fig. 4c ) and the mean amplitude of their membrane oscillations amplitude was 5 mV or higher (Fig. 4d) .
To further test whether the different motoneurons belonged to separate pools, we used principal component analysis, a covariance matrix-based mathematical technique, to study the variation between the different motoneurons. The relationship between the relative ventro-dorsal position of motoneurons, their size, input resistance, firing properties and the amplitude of their membrane potential oscillations were subjected to principal component analysis. Seven principal components were obtained, the first two of which (F1 and F2) accounted for 76.8% of the observed variability. We used these to visualize the areas occupied by the different motoneurons on the principal component plane. Motoneurons belonging to the same pool were clustered with no overlap between the pools (Fig. 4) . These results support the existence of four pools of motoneurons that are incrementally recruited to cover the complete frequency range observed in freely swimming adult zebrafish.
Mechanisms setting the recruitment pattern of motoneurons
In larval zebrafish, the order of recruitment of motoneurons was correlated with their input resistance 11 . It is therefore possible that the difference in the amplitude of the membrane potential oscillations of the four pools of motoneurons in juvenile/adult zebrafish may simply be a consequence of a gradient of their input resistance. However, we found that the input resistance of the different is not a consequence of a simple input-output transformation dictated by the input resistance, but instead reflects the cellular and synaptic properties of each ensemble of motoneurons (Fig. 4i) .
What mechanisms underlie the differences in the membrane potential oscillations of motoneurons and the order of recruitment during swimming? As there was no correlation between the input resistance of motoneurons and the amplitude of the membrane potential oscillations during locomotion, we then examined whether there was a difference in the amplitude of the summed synaptic currents (PSCs) underlying the membrane potential oscillations. Alternating excitatory and inhibitory synaptic currents, which underlie on-cycle excitation and midcycle inhibition, respectively, were recorded from motoneurons belonging to the four pools during swimming activity (Fig. 5) 27 . Dorsal primary and secondary motoneurons received weak excitatory and inhibitory synaptic currents of similar amplitude (primary motoneurons: excitatory postsynaptic currents (EPSCs), 5.8 ± 1.0 pA; inhibitory postsynaptic currents (IPSCs), 7.2 ± 1.4 pA; n = 3; Figs. 5a,b and 6a; secondary motoneurons: EPSCs, 7.3 ± 1.1 pA; IPSCs, 7.4 ± 2.2 pA; n = 8; Figs. 5c,d and 6b) . Ventromedial secondary motoneurons received significantly larger excitatory and inhibitory currents than dorsal motoneurons that increased as a function of the swimming frequency (P < 0.02; Figs. 5e,f and 6c). The amplitudes of the excitatory and inhibitory currents were 11.8 ± 1.5 pA and 12.0 ± 2.1 pA, respectively (n = 12; Fig. 6 ). Ventrolateral secondary motoneurons received larger excitatory than inhibitory currents at lower frequencies (Figs. 5g,h and 6d-f) . When the frequency exceeded 4-6 Hz, the amplitude of inhibitory currents became significantly larger than that of excitatory currents and amounted to 38.0 ± 6.3 pA and 20.8 ± 3.5 pA (n = 11, P < 0.02), respectively (Fig. 6e,f) . The amplitude of the excitatory (Fig. 6g) and inhibitory (Fig. 6h) currents in each motoneuron pool tended to be negatively correlated with input resistance. These results indicate that the amplitude of the synaptic currents underlying on-cycle excitation and mid-cycle inhibition are larger in the motoneurons recruited at slow swimming frequencies.
Our results suggest a clear difference in the amplitude of the synaptic currents received by the different motoneuron pools. We then sought to determine whether this difference is the only factor governing the recruitment pattern of the different motoneuron pools or if additional mechanisms also contribute. We examined whether motoneurons belonging to different pools are equipped with specific intrinsic properties that set their firing threshold. Primary motoneurons fired action potentials only when a large depolarizing current was applied and displayed very strong adaptation (Fig. 7a) . The minimum current required to elicit action potentials (rheobase current) in these motoneurons was 981.8 ± 94.4 pA (n = 11) and they fired only during the first 0.32 ± 0.04 s (n = 11) of the depolarizing current pulse. Dorsal secondary motoneurons also had a large rheobase current (314.8 ± 34.2 pA, n = 18) and showed strong adaptation because they only fired during the first 0.59 ± 0.11 s of a depolarizing current pulse (Fig. 7b,c) . The ventromedial secondary motoneurons had a lower rheobase current (91.7 ± 21.4 pA, n = 11, P < 0.002) and fired continuously during current injections with little adaptation (Fig. 7d) . In contrast with the ventromedial secondary motoneurons, the ventrolateral motoneurons showed short, repetitive bursts of action potentials (Fig. 7e-g ). These motoneurons had a rheobase current of 73.4 ± 17.1 pA (n = 10), they fired several action potentials during each depolarization and subsequently hyperpolarized a r t I C l e S before they started the next burst (Fig. 7g) . Other properties displayed by the ventrolateral motoneurons were the post-inhibitory rebound and depolarizing sag on injection of hyperpolarizing currents (Fig. 7h) . Thus, the different pools of motoneurons have distinct intrinsic properties that result in different firing thresholds and adaptation levels. The ventrolateral motoneurons display bursting activity, postinhibitory rebound and sag. The combination of these properties allows these motoneurons to escape from inhibition at lower frequencies and fire action potentials throughout the swimming episode (Fig. 2k,l) .
DISCUSSION
The spinal circuitry generates the locomotor pattern that is expressed as a coordinated activity of motoneurons controlling muscle contractions. The increase in force and speed of locomotion requires an orderly recruitment of motoneurons from those innervating slow to those innervating fast muscle fibers. We found that motoneurons in zebrafish could be separated into four pools (Fig. 4i) . These pools each have a specific topographic location in the motor column and displayed characteristic cellular and synaptic properties underlying their incremental order of recruitment. The recruitment map follows a latero-medial and a ventro-dorsal order of activation and is not dependent on the input resistance of motoneurons. Secondary motoneurons located ventro-laterally were recruited at low swimming frequencies and remained active during a locomotor episode. They received large synaptic currents and fired in bursts with post-inhibitory rebound. The number of recruited ventromedial motoneurons increased as a function of swimming frequency according to their ventro-dorsal position. The dorsal motoneurons displayed strong adaptation that terminated their firing and required large current injection to reach threshold. Thus, the different pools of motoneurons possess specific synaptic and intrinsic properties that are orderly designed to confine the incremental recruitment during swimming behavior.
The size principle has been proposed to explain the order of recruitment of motoneurons to produce movement with increased force. The crucial property determining systematic difference in recruitment was considered to be the input resistance of motoneurons 5 . The underlying assumption is that all motoneurons receive equal synaptic inputs such that small motoneurons with less surface area, and therefore a higher input resistance, would be recruited before large ones (bigger surface with lower input resistance) 1, 3, 5, 6, 10 . However, indirect estimation of the synaptic current underlying the recruitment of motoneurons of a given pool in anaesthetized cats revealed that the current covaried with the input resistance of motoneurons, suggesting that both properties are involved in determining the order of recruitment 8 . Our results indicate that the input resistance is not crucial for determining the recruitment during locomotion. The important component for setting the recruitment threshold seems to be the amplitudes of the excitatory and inhibitory currents combined with specific membrane properties. The correlation between the size and the position of motoneurons along the ventro-dorsal axis of the spinal cord could reflect the temporal pattern of development of the different motoneurons.
In larval zebrafish, the recruitment of motoneurons follows the size principle 11 . The motor column in larvae does not extend laterally and motoneurons are located medially with only a ventro-dorsal organization [16] [17] [18] . The motor column consists of the first differentiated primary motoneurons and the dorsal secondary motoneurons born shortly thereafter 17 . The recruitment of these two pools of dorsal motoneurons is determined from early developmental stages 11 and is correlated with their input resistance. However, it is not known whether there is also a gradient in their synaptic drive and intrinsic properties. In the zebrafish larvae, it has been shown that old interneurons are located dorsally, whereas newly added ones are located ventrally 15 . The ventral motoneurons could be born at later developmental stages when the animals switch to slow swimming activity. The recruitment of these late developing motoneurons is governed by their synaptic drive and intrinsic properties, but is not correlated with their input resistance.
At later developmental stages, zebrafish acquire red muscle fibers that appear 2 weeks after hatching 22 . The motoneurons innervating these fibers are located in the lateral aspect of the motor column 18, 19 , but it is still unclear whether these 'red' motoneurons are a class of neurons that appear later in development (when red muscle fibers develop). According to this arrangement, we found that the ventrolateral motoneurons innervating the late developing slow muscle fibers were activated during slow swimming activity. The increase in swimming frequency was associated with the activation of ventromedial motoneurons that were likely to innervate intermediate muscle fibers. The dorsal primary and secondary motoneurons innervating fast muscle fibers would only be activated at very high frequencies, as during escape.
In our experiments the burst frequency increased gradually during a swimming episode to reach a peak and then decayed gradually until the activity was terminated (Figs. 1e, 2h and 3e) . Although ventrolateral sMNs were active throughout the swimming episode, the ventromedial sMNs were recruited only when the frequency exceeded a certain threshold. At the onset and the end of the episode, when the frequency was low, these sMNs only exhibited subthreshold membrane potential oscillations (Figs. 1e and 2h) . The changes in the amplitude of the membrane potential oscillations as a function of the swimming frequency were similar during recruitment and de-recruitment. The dorsal primary and secondary motoneurons were never activated at swimming frequencies below 12 Hz. The frequency at which these motoneurons could be recruited was estimated indirectly using the amplitude of their membrane potential oscillations and the amplitude threshold at which ventral motoneurons are recruited. We were not able to determine whether the ventral pools of motoneurons that we characterized remain active during fast escape bends, as was shown in the larval zebrafish 11, 13, 28 . Overall, it seems that the organization of the motor column and the principles governing motoneuron recruitment are adapted during development to incorporate the change from fast burst swimming in larvae to the adult pattern of slow, steady swimming movements.
The dynamics of synaptic integration in the different motoneurons can be influenced by their structure and the location of the synaptic contacts. This can affect the amplitude of the oscillations during swimming and hence the recruitment of motoneurons. It is possible that the ventrally located motoneurons recruited at lower frequencies possess persistent inward currents that can amplify the synaptic inputs, as seen in other vertebrates 29 . In addition, the dorsally located motoneurons may have outward currents that dampen the synaptic integration and prevent firing of action potentials 30 . Other important factors that can contribute to setting the threshold for the different motoneurons are modulatory signals that change the input/output gain by acting on specific conductances [31] [32] [33] . In Xenopus, specific modulatory systems have been shown to contribute to the maturation of swimming from a stereotyped embryonic pattern to a much more flexible output in larvae 34, 35 .
We do not know how the functional identity of the different pools of motoneurons is specified during development. Developmental studies have found that motoneurons and different sets of interneurons are generated in response to a graded extrinsic signal along the dorsoventral axis [36] [37] [38] [39] . In the spinal cord, a set of transcription factors a r t I C l e S controls the features of motoneurons that distinguish them from other neurons 36, 40 . These motoneurons are further segregated into motor pools that seem to be determined by Hox transcription factors 37, 40, 41 . The Nkx6 transcription factor family is important for the formation of mouse spinal motoneurons 42 . In zebrafish, one member of this family, Nkx6.1, is necessary for the development of secondary motoneurons 43 and for subtype specification of primary motoneurons 44 . Our results suggest that different pools of motoneurons are equipped with distinct biophysical properties that, together with synaptic currents, have a determinant role in setting their recruitment threshold. It is possible that specific molecular programs are involved in imposing a biophysical signature of the different pools of motoneurons. To date, there are no specific transcriptional markers of the different secondary motoneurons. Nevertheless, our results provide a functional characterization of four pools of motoneurons with distinct activity patterns during swimming. Further analysis of the ionic currents of each pool of motoneurons and the architecture of their excitatory and inhibitory synaptic drive from premotor interneurons should provide further insights into how the spinal locomotor circuitry is reconfigured to produce motor output with appropriate force and speed.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
